Transmitted and received signals involving rotorcrafts are subject to intermodulations caused by the rotor blades. In this paper, the statistical characteristics of the wireless communication link between a rotorcraft transmitter and a receiver on the ground are developed. Both the scattering and Doppler effects of the rotating blades on the impairment of frequency modulated frequency hopping signals are considered. The channel model includes the near-field wave propagation between the transmitter antenna and the scattering blades. The channel model is used to examine the performance of different diversity techniques, namely, the transmitter diversity, multicarrier frequency hopping, and the fast frequency hopping, in view of antenna polarization and relative strength of the direct path and the scattering component from the rotating blades.  2002 Elsevier Science (USA)
INTRODUCTION
Rotorcrafts have been increasingly playing a major role in the digital battlefield. Without a reliable communication link, there could be a breakdown in command and control between the rotorcraft and the ground support. Reliability of the communication link is constantly degraded by Doppler effects caused by the rotation of the rotorcraft blades. In this paper, the Doppler effects on a communication link between a rotorcraft transmitter and a receiver on the ground are studied. The communication link of interest is at VHF where voice signals are transmitted at the frequency band of 30-88 MHz using multilevel FM modulation with frequency hopping (FH) schemes. Different diversity techniques are considered as solutions for mitigating the fading of the channel.
The communication system consists of a ground transceiver and rotorcraft transceiver. The ground transceiver consists of a signal receiver and a single antenna. The rotorcraft transceiver consists of a radio with one antenna or two spatially separated antennas.
A rigorous model that involves the near-field effects between the closely separated transmitter antennas and the rotating blades is developed. The channel model also includes the Doppler effect and the continuous position change of the rotating blades. The model reveals that various parameters in the underlying problem, specifically the rotor rotational signatures, produce a highly time-varying channel. The channel fading characteristics require the use of diversity techniques to effectively combat the channel impairment, maintain a desirable signal-to-noise ratio (SNR), and reduce outages.
The receiver diversity techniques with the use of multiple receiver antennas have been well developed. Herein, we focus on the link where the communication flow is from the single-or multiantenna rotorcraft to the singleantenna ground systems. In particular, we consider transmitter diversity, fast frequency hopping (FFH), and multicarrier frequency hopping (MCFH) diversity techniques to mitigate the channel fading. The improved performances of these methods are demonstrated using the receiver signal power. Figure 1 shows the block diagram of an FH/FM communication system. At the transmitter, the voice signal is sampled by an analog-to-digital converter (A/D), encoded, modulated with multilevel FM, and then transmitted using frequency hopping techniques. The process is reversed at the receiver.
SIGNAL MODEL

Signal Model
The noise-free FM signal with a slow FH scheme at the radio frequency (RF) is expressed as
where S is the transmit power, f l is the hopping frequency, s(t) is the signal input, and β is the modulation factor. If s(t) is a digital signal and its lth data symbol is described as b l ∈ {0, 1, . . . , M}, then we can rewrite Eq. (1) as
where T is the symbol duration, φ l is the random phase for the lth data symbol, f d is the frequency deviation, which denotes the frequency separation between two adjacent signal levels, and p T (t) = 1 for t ∈ (0, T ) and zero, otherwise.
FM Threshold Effect
The SNR of an FM receiver is proportional to the carrier-to-noise (CNR) at high CNR. However, when the CNR becomes low, the SNR decreases sharply and the FM receiver breaks. This phenomenon is known as the FM threshold effect [1] . It is reported that the threshold effect in FM receivers may be avoided in most practical cases of interest if the CNR is equal to or greater than 20 (i.e., 13 dB) [1] . Therefore, the threshold value becomes a simple and yet a practically important parameter in FM receiver design. In this paper, we hence consider the probability that the CNR is equal to or greater than a certain threshold level. For the underlying problem, the threshold level corresponds to the signal power at the receiver of −115 dB m (i.e., 3.162 × 10 −15 W) [2] .
CHANNEL MODEL
Channel Model
In this section, we consider the channel model which involves a transmit antenna near the rotating blades. Figure 2 illustrates the communication environment.
FIG. 2. Illustration of the environment.
To simplify the analysis, we make the following assumptions.
(A1) The transmitter and the receiver antennas are both modeled as electrically short dipoles whose length is much smaller than the wavelength.
(A2) The blades are considered as perfect conductors.
(A3) The width of a blade w is considered less than one quarter of a wavelength and much smaller than the length of the blade. In this case, each blade can be equivalently modeled as a wire with radius a = w/4. The mutual coupling effects among the blades are neglected.
(A4) Each blade is always visible to both the source and the airborne antenna; i.e., there is no shielding of the blades.
(A5) The time delay of the scattering paths compared with the direct path is much less than the symbol duration (or the reciprocal of the signal bandwidth).
By assuming a triangle current distribution on the transmitter antenna, the electrical near field transmitted from the transmitter antenna at (x t , y t , z t ) and received at a blade point (x (t), y (t), z (t)) is expressed as [3] E inc (x , y , z , t) = r t η I t l t 4πr 2
where r t and θ t are the unit vectors along the propagation and elevation directions (with the origin of the axis coordinate at the center of the transmitter antenna), η = 120π is the intrinsic impedance of free space, I t and l t are respectively the peak current magnitude and the length of the transmit antenna,
is the distance between the incident point at the blades to the transmitter antenna, k(t) = 2π/λ(t) is the wave number, and λ(t) is the wavelength at the carrier frequency, which changes at the hopping rate. The electric voltage induced at an infinitesimal du of a blade can be expressed as
where a m (t) is the unit vector along the mth blade and "·" denotes the inner product between two vectors. It is noted that some parameters, such as r, r t , r t , θ , and θ t , are the function of position of the incident point (x , y , z ) and time t, although (x , y , z , t) is omitted for notation simplicity.
The current distribution on the blades can in principal be evaluated using the method of moments [4] based on (4). For computational efficiency, however, we have adopted an accurate closed-form expression given in [5, 6] for the current induced on a thin-wire antenna at an incident point (x, y, z) due to a delta-function voltage source at point (x , y , z ). Weighting that current by the incremental voltage du in (4) and integrating over the length of the blade thus results in the induced current distribution on the blade due to the incident field in (3). Denote by I m the current distribution over the mth blade; in the far-field receiver, the scattered field from the blade can be expressed as
where µ is the magnetic permeability, A is the magnetic vector potential, r 0 = (x 2 r + y 2 r + z 2 r ) 1/2 is the distance between the center of blades (coordinate origin) and the receiver located at (x r , y r , z r ),
is the distance between the scattering point (x(t), y(t), z(t)) and the receiver located at (x r , y r , z r ), r r is the unit vector at this direction, M is the number of blades, and L is the length of each blade.
On the other hand, the direct path from the transmitter antenna is expressed as
where θ is the unit norm vector along the θ direction. From (5) and (6), the received signal can be calculated by using the following equivalent aperture of a small dipole
Under assumption A5, the fading caused by the scattering and the Doppler effect can be considered as flat fading, and the received signal at the receiver becomes the summation of the contributions of the direct path and that of the scattering components from the blades.
Numerical Results
Channel impairments due to scatterings from rotating blades highly depend on the values assumed by the various parameters defining the channel model. In this section, we use the set of values listed in Table 1 . It is important to note that the results and arguments presented below are based on these specific values and may change with the carrier frequency, the signal coding/modulation, and the rotorcraft structure and dimension. Based on the values given in Table 1 , ω r T = 2π × 4/(16 × 10 3 ) = 1.57 × 10 −3 (rad) = 0.09 • . Therefore, over one symbol period, the instantaneous Doppler frequency shift corresponding to a signal point on the blade remains approximately unchanged, since ω r T is very small.
At the blade tips, the distance traveled over this period is ω r T L = 1.57 × 10 −3 × 7.5 ≈ 1.18 × 10 −2 (m), which is much smaller than the wavelength (10-3.4 m at 30-88 MHz RF). Accordingly, the blades can be considered of fixed positions over a symbol period.
The maximum possible Doppler frequency is determined by the velocity of blade tips, v tip = ωL, and is given by
which is about 111 Hz at 88 MHz. The Doppler effect is not significant as F D max T ≈ 0.006 is small [12] .
Effects of elevation angle of the receiver antenna.
From the signal model, the direct path from the transmitter antenna is dominated by vertical polarization, whereas the scattering component is dominated by horizontal polarization. Therefore, the signal at the receiver antenna will generally include both direct and scattering components. However, when the horizontal distance between the transmitter and the receiver is much larger than their height difference and the rotorcraft maintains a horizontal flight, increasing the elevation angle of the receiver antenna, θ r , will reduce the direct path and enhance the scattering component. We show in Figs. 3-6 the magnitudes of the direct and scattering components and their cumulative probabilities, for both angles θ r = 45 • and 85 • . Changes in the elevation angles are expected, as the receiver antenna is typically hand-or back-held by soldiers on the ground. Also, a rotorcraft may change its elevation angle, which results in a similar effect in the sense that the For the θ r = 45 • case, the direct path has a stronger level than the required threshold, and the scattering component is much weaker. Therefore, the combined received signal is dominated by the direct path, and the fading
FIG. 5. Scatterings and direct path: θ r = 85
• at (x t , y t , z t ) = (−9, 0, −3) m.
FIG. 6. Cumulative probability: θ r = 85
effect of the scattering component is negligible. On the other hand, for the θ r = 85 • case, the level of the direct path is relatively low and it cannot alone provide the desired communication quality. In this case, the average level of the scattering component is comparable to or even stronger than the direct path. The probability that the signal level is smaller than the threshold is almost 14%, which fails to deliver high quality signal communications.
Effects of the position of transmitter antenna. In this section,
we examine how the position of the transmitter antenna changes the channel characteristics. Figures 7 and 8 depict the results for a different position of the transmitter antenna: (x t , y t , z t ) = (−1, 0, −1) m relative to the center of blades, with θ r = 85 • . Although the change in antenna position virtually does not bring about any difference for the direct path, the scattering component level becomes much stronger as the transmitter antenna moves closer to the blades. As a result, the probability that the signal level is weaker than the threshold drops to 2.6%. However, this outage probability is still considered unacceptable. Diversity techniques are applied in the next section to further reduce this probability.
As can be seen from the cumulative probability in Figs. 4, 6, and 8, the scattering component is in general not Rayleigh. Also, it is worth mentioning that reflection and diffraction by the rotorcraft body or terrain may further alter the signal polarization and subsequently the power ratio between the direct path and the scattering component. The power ratio can also be changed when the line-of-sight between the transmitter and the receiver antennas is shadowed.
DIVERSITY TECHNIQUES
Diversity techniques are effective means to reduce the effect of flat fading. In this section, we examine the applicability and compare the performance of different diversity techniques, namely, the transmitter diversity which uses multiple transmitter antennas, and the two cases of MCFH and FFH, which both utilize the weakly correlated channel characteristics of different hopping frequencies.
Herein, we consider θ r = 85 • , which presents significant signal fading in which scatterings are stronger than the direct path. The transmitter antennas are located close to the center of blades to ensure the communication quality.
Transmitter Diversity with Differential Space-Time Codes
Transmitter diversity techniques fully exploit the spatial diversity offered by multiple transmitter antennas, leading to improved overall performance of wireless communication systems [8, 9] . However, these methods are based on the assumption that the perfect channel state information is available at the receiver, or at least can be accurately estimated by, for example, transmitting training sequences. The fast time-varying channel and the periodic change of the hopping frequency make channel knowledge or estimation infeasible. To overcome the channel knowledge constraint, differential space-time coding (DSTC) techniques can be used [10, 11] . Although the performance of differential space-time coding techniques is inferior to that of the conventional space-time coding techniques when the channel characteristics are available, it is nevertheless effective in the underlying problem. Figure 9 shows the block diagram of the FH/FM communication system with the use of transmitter diversity techniques. It is noted that, to avoid the nonlinearity of FM which causes difficulty in applying transmitter diversity to the underlying problem, we perform space-time coding after the FM modulation and decode the signal before the FM demodulation.
If we ignore the block-by-block changes of the channel coefficient vector h = [h 1 , . . . , h Q ] T (this assumption is reasonable when the block size Q is much smaller than the coherence time of the channels which is approximately one hopping period), then the combined channel coefficient becomes
The factor 1/Q is used to normalize the transmitter power at each antenna so that the total transmitter power remains equal to the single antenna case. However, the threshold in the transmitter diversity case should rise to −112 dB m, due to the 3-dB noise enhancement in performing differential decoding [11] . The two antennas (Q = 2) are located at (x t , y t , z t ) = (−1, 0, −1), (0, −1, −1) m. The respective channels are shown in Figs. 7-8 and 10-11. It is noted that different positions of a transmitter antenna may demonstrate different statistical characteristics. Therefore, to achieve good diversity gain, it is important to choose antenna positions so that the channel envelopes of different transmitter antennas have similar statistical characteristics and small correlation.
The cumulative probability of the output power after diversity combining is illustrated in Fig. 12 . In this figure, "threshold 1" (−115 dB m) refers to the threshold value corresponding to the single antenna curve, whereas "threshold 2" (−112 dB m) corresponds to the combined signal curve. The probability that the combined signal level is weaker than threshold 2 is 0.7%. 
MCFH and FFH Diversities
MCFH is a direct application of conventional frequency diversity in FH that transmits the same signal at multiple frequencies. At the receiver, the signals transmitted at different frequencies are received and combined. In this case, diversity gain can be achieved without the need for multiple antennas at either the transmitter or the receiver. Signals at different frequencies can, therefore, be received without interference. Figure 13 shows the block diagram of the MCFH diversity system.
In FH systems, the frequency diversity gain can also be realized by using FFH, which has the same structure as that of slow FH, shown in Fig. 1 . The only key difference between slow and fast FH schemes is that, in FFH, the hopping rate is higher than the symbol rate. As a result, the signal power of one symbol spreads over different hopping frequencies.
The FFH, compared to the MCFH, has a narrower chip period. Subsequently, FFH is more sensitive to the channel delay spread, but is more immune to   FIG. 11 . Cumulative probability: θ r = 85
• at (x t , y t , z t ) = (0, −1, −1) m.
FIG. 12.
Cumulative probability of the transmitter diversity system. the Doppler effect [12] . However, in the underlying problem, the delay spread (the maximum time delay between the direct path and the delayed path is 57 ns ≈ 0.0009 T) and the Doppler spread (when F d = 100 Hz, F d T ≈ 0.006) are both negligible. For MCFH, denote h q (q = 1, . . . , Q) as the channel coefficient of the qth frequency. Then, the received signal at the qth hopping frequency is given by
On the other hand, for FFH, h q (q = 1, . . . , Q) represents the channel coefficient of the qth hop (QT h = T ). The received signal at the qth hopping frequency is, therefore, When the optimum combining rule is applied, the output signals are, respectively,
and
In both cases, the combined channel coefficient becomes
In the simulations, we use two different frequencies (Q = 2) for both MCFH and FFH. The transmitter antenna is positioned at (x t , y t , z t ) = (−1, 0, −1) m and θ r = 85 • . The frequency difference between the two frequency carrier is chosen to be 29 MHz. Figures 14 and 15 show the channel characteristics for one FFH realization, where T h = T /2. The cumulative probability of the output power for both MCFH and FFH is illustrated in Figs. 16 and 17, respectively. The difference between the two figures is due to the fact that the FFH undergoes more frequency hops than the MCFH does during the same period. For both MCFH and FFH, there is no observation that the combined signal level is weaker than the required threshold. It is noted that MCFH can be used in the transmitter diversity with DSTC, whereas for the FFH it would be difficult to do so because the channel changes rapidly with the fast hopping. 
CONCLUSION
In this paper, diversity techniques are applied to combat fading caused by the rotating blades on a rotorcraft. The wireless communication channel models for rotorcrafts are developed, including the near-field effects. It is shown that the scattering component is not Rayleigh distributed, and the power ratio of the direct path and the scattering component is sensitive to elevation angle of the receiver antenna, the distance between the transmitter antenna and the blades, and the elevation angle between them. When the scattering component has comparable or higher power than the direct path, significant fading occurs.
Based on the devised channel models, the applicability of transmitter and frequency diversity techniques, namely, transmitter diversity, MCFH, and FFH, have been examined and shown to mitigate fading due to the rotating blades. Although all diversity techniques reduce fading, the offerings of transmitter diversity are more sensitive to antenna locations to the extent that it becomes less attractive than MCFH and FFH techniques. The latter are shown to provide higher diversity gain for the antenna locations used.
